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NOTICE: When government or other drawings, speci-
flcations or other dats are used for any purpose
other than in connection with a def‘i\nitely related
government procurement operation, the U. S.
Government. thereby incurs no resp:nsibility, nor any
obligation whatsoever; and the fac*b that the Govern-
ment may have formulated, i‘umished, or in any wey
supplied the sald drawings, ﬂpecifications , or other
data is not to be regarded by implication or other-
wise as in any manner 1icensing the holder or any
other person or corporation, or conveying any rights
or permission to ma.nufacture, use or sell any
‘patented invention that may 1n any wa.y be related

thereto,
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Dienially -
Cal., 30 oroall srpe nirclectiles were Tired

acalnet plates at a voriety of-hardneés levels and

, and at ancles of ohliquity up te HH.
Crivical angles ffr.penetruticn were determinsd rather
then eritical velocislen, the veloclties of all pro-
jectiles pelny salagained as cloesely &s noseanle ag
”MOO /5. Tron toioso bélliﬂtic aata tne comb inotions
of plate trlcliess, »icte porduncse, and obliauity are
aeduced wnich ofler :he‘saﬂe resistance %o penetration
Dy nondeforning nondiacturrling »PIo entile wlth this

striking velocity. The influence of the characteristics

O

T the pP“‘lOUTJP cest projecilles used was minlmlzed

by making the projeotilcs so well that tuey remained’

vractlcally undereried vy iupact with the »nlate

The greuter the obliqulty 6 the smaller need be.

the plate thiciness ¢, U toe 35 oLliqui*v he relation
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ureduotian in tnichneas allowed'by ?a anreaae An obliquity

‘efcos 8§ = d‘onstant.- 8< 35‘ .
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This relation is such that, in its range of validity, -
the total weiOht of.piate needed %o protect'a‘given

area ig independent of obliquity and depends only on
plate quality. As the obliquity increases from 35

to 40°'fhe plate thickness for equal protection decfeéses
con31derably aster than would be indicated by this |

formula, corresponalaw to a decrease of total plate

' we¢ght oy about lzﬁ‘for proteotlon ox a given area, An

increase of olequluy anvle beyond 40 lntrodvces only
very slight sav1ng in weight. -~

=In the range 210~3¢O BHN the higher tne*w,;ga hard-
nege the smaller'need‘oe the plate thickness fqr pro~

: : o ] 0
tectlon &t a given angle, Thus for angles of 4O and

- over, plafes of 210 B N must have a 30 to 365% greater

.thickness than plates ofIBBO:BHN ‘for the same protgetioﬁ.'
The advantage of hard plates will Ee“all the more mafkea
when the atuachinb prodectilea are less perfect than
those used for this report, for any deformation of the
projectile reduces i%e ability to penetrate.” The same

oonsideration apulies to obliquity, for an increase in

ob¢iqu1ty per se lncreases the tendency of the pro- o

" jeutile to fraoture or to derornu’ Further, the
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increases. the nar@nesu to which the plate may be heat

treated with the avoidance of poor shock properties,

This allowable increase in hardness again inereases. the’

ability of the plate to fracture or to deform the pro-

Colonel, Ordnance Dente ,
Director of Laboratory
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J C. Zener .
- : _ Senior Physicist
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TRTRODUCTION

N

The primary pur%oée of_érmor‘is'to reslst the
ﬁenetration of projectiles and the’ frawments thereof.
Armor may resist penetration in three distincu ways.

(1) The armor may fracture or deform the pro-
jéctile, In this case the projectile 18 not only made
to absqrb:par@Aof’its‘own tinetic energy, but is also
so changed by the fracture or the deformatioﬁ'that it
is less ag}e to use effectively the kinetic energy

I ’
which yemains, The major variable factor of armor

~which determines its ability to fracture projectiles

is 1%s. hardness. The plate thlckness and obliquity of
attack &lso affect somewhat the ablllty of a alate to
fra¢ture or to deform a projectile, the ;nioker the

plate, or the greatér the angle of obliquity, the

lower is the critical plate hardness for fracture or

deformation. °

(2) The afmor‘may deflect the projectile, thereby
avolding the neoessity of absorbing 1its kinetic energy.
ibe major factor whlch deuerﬂlnes the ability of armor
to deflect a projectiWe is tne obliquity of attack.

The plate thickness and hardness also affe¢t %o some

extent the abllity of & pléﬁe to deflect projectiies,/'h
the thicker and hander Gthe plate the lower the critical

angle for deflectibﬁ:”

f(j)‘Tne'armor may absorb, through plastic deformation, .

S
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fthe kinetic energy of the projectile. The thicker
» the plafe the greater is the volume of material which
8 prejeetile mﬁst~def0rm in order comﬁletely o per-
I forate the plate, and therefore the ééeater‘is the
| kineti; energy which the plate can absorb. ' The
greater the obliquity, the greater is the length of .
path through the plate, and therefore.the greater is
the kﬁneticeenergy abgorbed. Also, the higher the
hardness, the greéater ls the kinetic‘eﬁergyirequired
o produce 30! theﬁplate a hole of a given. voluﬁe.

4 The provlem of arior protection 1s not merely a
question of avomding peneurationa The resistance
to~penetration by ﬂJ of the tn;ee methods of
fracturlng or uexo rming % the progectile of deflectlng

the projectile, or of absorbing 1ts kinetic energy

I}

can be increased by an i;creaee_in any one of the
- three factors - plate hardness, plate thickness,
obliquity. Ravhér tae problem of armor'protection
is ‘concerned primerily with the optimum balence )
‘between conflictlno factors. Thus in planning the
disnosition of the armor, a balance must be struck
oetween the oallisuic advantages of a 1arae obliquity
-and therconstructional‘difflculties attendant there-
on. .Agein, in determining the appropriate plate
hardness, a balange must be reached between the 1n—

x | creased reslstance to penetratien associated with

o » ‘ ' G Aw
. o {Yoa oA
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increasing plate hérdness, and the decrease of Shock~
_ "
reslstance associated therewith. The purpose of the
ﬁp;esent report 1s to present ballistic data which may
;be used in'arriving &t the optimum compromisés.

The balllstic data obtained with any one tyﬁe
of prajsctile are sirictly applicable only to that
one particular typé. This is especiall& the case
when the projectile deforms appreclably or fractures,
for the critical condiﬁions'for deformation or
fof‘fracture 7ill be quite different for diffe;ent
types of projLsviles, or even for the same type of
projectiles produced by differeﬁt-manufacturers. In
obtaining the data for the present report, the pro-
jectlles were heatl zreated‘as well as thé authors
knew how in order to avoid ffact@re;or exéessivé de~

formation. Only those conditions of attack were

studled in which the projectlles were not appreciably

altered by impact with the armor, In this ﬁanner
the dependgpoe of the balllstic data upon the type of
projectile Waé minimized. This method of approach
has precluded a comparison of_féce hardened with

, homogeneous rlate since‘thé projedtileg used de-
formed when fired against faée,hardened plate at,
obliquities. The use of nonfracturing projectiles
hgg also ﬁb&dved any ambiguity which might exist as

to the meaning of complete penetration. When the

~J=
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test projectile fraotures, uncertainty often exisfis
as to ﬁhat to call complete peoetration‘ When, as
in ﬁhe'present experimeants, the projeo@ilerremains
whole, no doubt‘evér‘ekiéts as to whethef the pro-
Jectile has or has not passed through the plate. The
type of projectlle chosen for testing was modelled
after the German 75 mm projeotile in order that the
results obtained mlght be dlrectly spplied %o the
design of'arﬁor ?or protection against this projectile,
) In obtaining the ballistic Gata small ooliber
‘projectiles, scaled Gown from qugevoaliber'sizes;wx
were fired against correspondingly thin plates. Suoh
small scale experimente have two distinc?t advantages
over the firing of full size prajectiles. Flrstly,
the characteristlcs of the plate and of the pro-
jectiles may be‘more rigorously controlled. The
difficulties which accompany the heat treatment of
"large masses of steel are such as to render it
doubtful if large‘caliber projecflles have ever beéeen
produced of s@ohfhigh quality as the small caliber
projectliles used 1n the experiments deecribe@‘in
this report, Seoondly, the.firing conditionéfare
- more ocontrollable.. Tﬁus‘at high angles of attack
7! (k5°~60°), é'change of only ona‘degree~in obliqﬁit&
; may effent the balliltic limit by a8 muoh a8 -

’v"'\,»« 1,

100~;§ ngvL It is8 &ﬁubtrul it in the tastins of
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- plates with large caliber projectiles the angle of

attack can be controlled so as to lie within a range
gmaller.fhan several degrees, whiéh corresponds to

an effective ﬁncertainfy in bellistic iimit of sgeveral
hundred ft/sec. at_ high obliquities. Again, only
sevéral shots of large callber projectiles may bé made

upon'a Single plate, necessitating Qhe use of ﬁore

than one plate in a set of firing, and therefore the

;nﬁroductlon of gh uncertainty as to the constancy of
the plate characteristios., |

It is anticipated that_objecﬁions.to the present
prqgfam upon scaled down projectiles wiil be made,
Only‘two.objections are jpstifiable. One is that the
ﬁetallurgioal struqturesiof thick and of thin plates
of thersame hardnesg are hot ﬁeoessarily identical.
Differences in metallurgical structure have howévef
only slight effect upon the resistance tp'penefration.
The primarf effect of such.diffenEHGGS is upoh the
shock properties. The second jugtifiable objection is
that the rate og deformation of the platé materlial is'

greater during the impacts of the scaled down pro-

[

jectiles than during tne impacts of lérge caliber pré-
Jectilés, As 1s well known, the resistancevfo de~ .
formation of steel 1ncrease§‘with rate of strain, and
1t might therefore be argued that the plate material
in the model firings does not react in the same manner

i\ = 9-
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as in the Tiring of major caliber projeotiles._ How-

: | 1 \
ever, 1t has recently been shown that this effect of

strain rate is exceedingly small, an increase of

strain rate by 1000 %, corresponding to the .scaling

.;down from a 3" projectile to & caliber .30 projectile,

ralses the plastic resistance of the material by less

than 1.5 %.

Gonyentional @a7;lstic data are expressed lnh terms

of critical velocitles. These velocities are defined,

for a given plate at a specified obliguity, as the )

mean between the velocities of a partial and a com-
plete penetration. It is customary to adhere to
gsome corivention as to the maximum allowable range

between the velocities fof parﬁial and for COmblete

_penetration; In fhe present work, where only relative

s : ; L
effects of various parameters are sought, it is more

convenient to fire at a given veloclty and to” determine

a critical obliquity. 4As in the case of critical
velocities, critical angles must be defined as the
mean between an obliqulity which allows compleue
penetration and one which allows only partlial pene-
tration. In the present report, these two angles

are taﬂen 5 apart. In all the flrings in the pfesent

:

report the constant velooity was taken as 2&00 f/s.

\\
w

0. Zener 8nd 7. §. Hollomon: TEffeo: of Straln Rate

Upc? Plaatic Flow of Steel“ J. Applied Physics 1%,
22 19 : ‘

- | ~10-

o



e AR, 3

Mt SS

Q

This 1s the velocity of .the enemy 75 mm. projectile

at a battle range of about 900 yards.

RESULTS AND DISCUSSION
1 TEST PROJECTILES

The préjectiles used in oBtaining‘the ballistic.
data were models of the German 75 mm. A,P.C. Pak 40,
scaled down to cal. .30 size, i.e., scaled down in
linear dimensions by a factor of 10, The original
and the replica are comparéd in Pigure 1. Although

the overall dimensions, as well as those of the gap

and of the ogive, were scaled down accurately, no

attempt was made to reproduce the-detalls of the base.

The changes introduced, however, can have only a very
slight effect upon the ballistic performance; sinece the .
changes consist primarily of a redisgtribution of mass.

Thus no H.E. cavity was made, but relatlively more

‘metal wag removed for the rotating band in the case of

the small replica. & comparison of the test pro-
jectilésAWith thg 30 162 is given in Table I.

- No attempf was made to reproduce thé hardness
pattern of the originél German projectile, except in
the“case of the cap, which was Xept-'at 42 RC as in the

oriéinal,l Rather %the body of the projectlile was made

1. E.F. Hutohinson: T'letallurgical Exemination of a

German .75 ik Pak-40 H,E, - A,P,C. and B.C. Projectile

Produced in 142", WAL 752/229. o

-11-
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TABLE I

. COUPARISON OF TZST PROJECTILE WITH 3" 162
. Test T Equivalent
Projectile 3" Projectile 3 162

Gore © 0.0126 1bs. | 12.6 1bs. 1 11.4 1vs.

AP, Cap || 0.002k 2.4 2.06

Band: 0.0022 2.2 0.46

Total '0.0172 - 17.2 “113.9 (empty)
X

~12-
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as well metallurgically as the authors‘knew‘bow, The
ogive was kept at the as quenched hardness of 62963 RC,
and the base was tempered Jjust enough to prevent
fracture of the body at oblique incidences.

- The heat treatment, the method of base témpering,.
banding and capping, as well as a description of the
plate holder, is given in a‘currént:report.

II RELATION BETNEEN PLATE THICXNESS
AND O_LIQUITY

In this section a study is made of the relation

between the plate thickness and the obliquity of attéck,

for a constant. plate hardness, which will just give

\\

protection aéalﬂSL the test p”01ectlle at some pre-

determined veloeluy.' All progeotiles were flred at

the same velocity, namely 2400 f/s; For each plate

two obliquities were found,_Bo apart, at the lower of -

whlch the projeetile passes through the plate, at the

‘higher of which the projectile fails to pass through.

The ballisﬁip data are given in Table II, and are
pléttéd in ‘Figure 2. |
In this Figure the plate‘thickness & 1s plotted

. on log papéer agalnst the cosine of the obliquity

angle 6. In this manner of plottihg, the effect of a

change in obliquity upon heoessary plate welght may

1. D. Van Winkie: “Principles of Projectile Design

' For Penetration, Second Partial Report“ WAL 762/231-1.

@ .
o
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' BALLISTIC DATA

ANGLES FOR CO/PLETE AND FOR INCOUPLETE PERFORATION

L

PLATE HARDWESS

Plate

Thickness v _

(in_inches) 210 BEN | 269 BHN 320 BHN 364 BHN: 420’ 3HN
.25 _ 50°-55° U50-50° | h5°-50° 1 hoO-ks°
.30 _50%-55° | u5°-50° 35%-40° 35°-40°; 30°-35°
.35 , 350-100 30%-35°  25°-30° *
o 350400 35°-400] 00100,

5 25°-30% _ *
B0 ggo;§o° %
~*Complete penetration not obtalned at normal.

G
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behreadily seen. Thnus the weight of a plate which
protects a glven area 1ls proportional to e/cos 6. A
constant welght plate therefore implieg a direct
proportionality between e and cos 8, aﬁd'therefore

a 456 slope on the log paper. A& decrease of weight
with obliquity implies a,slope‘greatef than ﬁ5°. For
the hérdhesées 259 and.jéleHN an upper limit was

determined for the plate thitkness at which penetration
- 1

. ogeurs at zero obliquity. The experimental data are

4

consistent with a 45° slope (dashed lines) from 0° to
350‘obliquity. The ballistic data are further con-
sistent with a 45° slope beyond 4O°5obliquity. The only
mérked decrease 1n welght of armor necessary to protect
a gi¥ven area therefore occurs from an increase of |
obliquity from 35° to 40°.

The ballistié data are replotted in a different
manner in Figure 3. An estimate was made from Figure 2
as to the critical plate thickness at zero obliguity

'which‘will’just give protéction. The data in Figure 2

 were then replotied with the abscissa as the ratio of

the plate thickness %to the estimated critical plate
thickness atriero‘obliquity., The data for all hardness
1evels bélow 364 BHIE are seen 1o lie within experi-

mental error upon a common curve (curve C, drawn through

‘the 5° critlcal angle range for 210, 269 and 320 BHN).

e ' S
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7 Thie common curve follows the formula
ee/eO = co8 Q' L (1)

up to an obliquity of 35°. It then drops slightly below
the curve given by this férmula, The deviation from

the formula of Eq. (1) is less for the 364 BHN plates
than for the plates of lower hardness. |

ITI RELATION BETWEEN PLATE THICKNESS
' AND PLATE HARDNESS . . -

From the data in Figure 2 an estimaté‘may readily
be made of the‘effect of plate hardness upon thé blate =
thickness nécessary 4o give protection at a fixed

il o obliquity. Since the curves in Figure 2 are all paral-

;fA ‘ "1el in the range O~35° and also in the range MO-55Q,

vie effect of a change in hardness level may be repre-
sented by a single factor for each of the above ranges
of angle. In Figure ¥ is given the factor by which
the plate thiclkness at 320 BHN must be multiblied to
give the thickness at another hardness level for equal
= protection. - | o

An example will be givgn of the usé‘bf thié Figure.
Supposev6& armog)cannoﬁvbe made harder than 210 BHN
if poor shock pfoperties are to be avoided. The possi~
bility then ariges that it may be possible to obtain
the same reslstance to penetfétion in a thinner plate

since such plates may be heat treated to a higher -

~16-
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hardness level without poor shock resistance. From
Figure L one may deduce that a 320 BHN plate of thick-
ness 6"/1.33%, i.e. 4.5"%, will have at least as good

resistance to6 penetration as the 5" plate at 210 BHN,

IV CORRELATION WITH DATA IN LITERATURE

i ", J 2 . 4 l
It has been reported in the litergture” that at
normal obliquity the critical wvelocity for complete
penetration (Navy B.L.) of artillery type projectiles

veries with the plate thickness as
VA (e/d-=) , 6 constant (1)

where e 1s the plate thickness, d is the'prpjeotile
calibre, and & is a numerical cbgstant with a value

of about 0.1. . In order to test the validity of this
equation for the lower obliquity range tO°~350), the
ballistic limits (for c0mplete perforation) of the
projeotiles'désoribed in Section I were found for a
range of plate thickﬁesses ayg 250. The results, given

in Table III end in Figure 5, agree, within experi-

‘mntal error, with Eq. (1). This equation may be

closely approximated to by the following relation:

1/2

Ve , 8 constant, . (2)

1. "Ponetration lechanisms I. The Penetraiion of
Homogeneous Armor by Uncapped Projectiles at O
gbliquﬁgy“, U, S. Naval Proving Ground Report
'ro' l"'y‘v ‘ ' : .

[o]
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It has also previously been mentioned in the liter—
4 . o} .
aturel‘that, in the range O ~30°, the critical
velocity for complete penetration (Navy B.L,) of -
artillery type‘projeétiles varies with.obliquity as
Vﬂ}l/cos;/g B, € sonstant . (35
Upon combining Eqs. (2) and (3) one obtalne

Vv (e/ cos\e)l/z .:‘ ().

Therefore in the obliquity range‘oo~300‘the relation

between e and 6 at.constant V, that is, at constant

resistance to penetration, is given by
ecos 6 . ' ‘ (5)

The relation is in agrecment with the slope of hnity

for the O°~35? rangc in the diagrams of Figurc 2,
The authors are awarc of only one source of &atag

for artlllery type projoctilos‘with.%hichﬂtho ap-

- proximate lincarity between ¢ and cos 0, ﬁith
‘conatant V, may be checked for the high obliquity
3 range. In this obliquity range the ratlo of the Navy

ballistic 1limits of a 260 BHN platc of 2,5" and 2,25"
thickness is 1.07. | |

P
i

1. For refercneces sec C. Zener and R. E, Peterson:
"Principlce of Projcetile Degign for Penetration,
First Partial Roport", WAL 762/231, pp. 18-19.

2. Aberdeen Report D-5UE, ' '

-18~
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- BALLISTIC LINITS (NAVY) OF 269 I

TABLE IIT

BHEN PLATE

BALLISTIC AT 2
WITH RESPECT TO 1ODEL ABEILL&RY TYPL PROJE ’CTILES

Thickness B, L.. | B. L. )PXIO"
(inches) (ft[sec) (£t /sec)2
.25 1720 2:95
. 30 1885 3+55
.35 2095 h3g
._uo S 2270, 2230 | 5,15, H.95
U5 2405, 2350 5.78, 5,50
- 2660% 7.08

/50

#Bourrelet suffers

slight plastic deformation. -




p o

Fufther, from the plot of the data for thé 2.5" plate

one deduces %that .
0.07

WVA/l/oos' 8, e constant, (3%)

[t

Upon combining Egs. (2') and (3') one deduces, within
the error of the firing data
0,67 - |
Vv (efcos 8) . (%1)
One therefore infers that also in the high obliquity
range the relation _ .

= e~cos 8, constant V

1s valid. The constant of .proportionality is of course
slightly different in the high and in the low.obligquity

ranges. .

"
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